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Abstract.  The actin filament core within each 
microvillus of the intestinal epithelial cell is attached 
laterally to the plasma membrane by brush border 
(BB) myosin I, a protein-calmodulin  complex belong- 
ing to the myosin I class of actin-based mechanoen- 
zymes. In this report,  the binding of BB myosin I to 
pure phospholipid vesicles was examined and charac- 
terized.  BB myosin I demonstrated saturable binding 
to liposomes composed of anionic phospholipids, but 
did not associate with liposomes composed of only 
neutral phospholipids.  The binding of BB myosin I to 
phosphatidylserine and phosphatidylglycerol vesicles 
reached saturation at 4-5  x  10  -3 nmol protein/nmol 
phospholipid,  while the apparent dissociation constant 
was determined to be 1-3  x  10  -7 M.  Similar to the 
free protein,  membrane-associated BB myosin I bound 
F-actin in an ATP-sensitive manner and demonstrated 
actin-activated Mg-ATPase activity. Immunoblot analy- 
sis of peptides generated from controlled proteolysis of 
vesicle-bound BB myosin I provided structural infor- 
mation concerning the site responsible for the mem- 
brane interaction.  Immunoblot staining with domain- 
specific mAbs revealed a series of COOH-terminal, 
liposome-associated peptides that were protected from 
digestion,  suggesting that the membrane-binding do- 
main is within the carboxy-terminal '~ail"  of the BB 
myosin I heavy chain. 
T 
wo general structural classes of the mechanoenzyme 
myosin have been identified  in eukaryotic  cells thus 
far. Conventional  two-headed myosins,  or myosins II 
(based on the terminology suggested by Korn and Hammer, 
1988), have been shown to be ubiquitous. The second class, 
termed myosins  I,  are  single  headed and  lack the alpha- 
helical  tail domain of myosins  II.  The myosin  I  class of 
mechanoenzymes was  first characterized  in ameboid cells 
(reviewed  in  Korn  and  Hammer,  1988).  However,  recent 
studies from several  laboratories (Collins  and Borysenko, 
1984;  Conzelman  and  Mooseker,  1987; Coluccio  and 
Bretscher,  1987; Mooseker and Coleman, 1989; Hoshimaru 
and Nakanishi,  1987; Garcia et al., 1989; Hoshimaru et al., 
1989) have demonstrated the expression of a single-headed, 
tail-less myosin in the intestinal  epithelial  cells of the ver- 
tebrate  intestine.  This  myosin,  previously termed  ll0K- 
calmodulin (ll0K-CM) 1  and now named brush border (BB) 
myosin I (Mooseker and Coleman, 1989), is a protein com- 
plex consisting of a "-,110-kD heavy chain and multiple mole- 
cules of CM (the calculated Mr of the heavy chain,  based 
on its deduced sequence, is actually ,o119 kD; Hoshimaru 
and Nakaniski,  1987; Garcia et al., 1989). BB myosin I com- 
prises the lateral bridges that tether the microvillar actin bun- 
dle to the plasma membrane (see Coluccio and Bretscher, 
1989, for references). 
1. Abbreviations  used in this paper:  BB, brush border;  CM, calmodulin; 
PC, phosphatidyicholine; PE, phosphatidylethanolamine; PG, phosphatidyl- 
glycerol;  PI,  phosphatidylinositol;  PIP2, PI 4,5-bisphosphate;  PS, phos- 
phatidylserine. 
The association of BB myosin I with the microvillar  mem- 
brane of the BB reflects a general functional property of the 
myosin I class of actin-based motors. As reviewed by Adams 
and Pollard (1989b), considerable evidence indicates that the 
myosins I of both Acanthamoeba and Dictyostelium are,  at 
least in part, membrane associated.  Moreover, these myosins 
may  play  critical  roles  in  membrane-associated  cellular 
movements such as locomotion and phagocytosis since such 
movements persist in Dictyostelium amebae that have been 
molecularly engineered to lack their conventional  myosin 
(Knecht and Loomis, 1987; DeLozanne and Spudich,  1987; 
Knecht and Loomis,  1988;  Wessels et al.,  1988).  Insight 
into the possible molecular basis for the association  of myo- 
sins I with membranes has been recently provided by studies 
assessing  the interaction  of Acanthamoeba myosin  I  with 
membranes in vitro.  Taken together,  these studies  suggest 
that  myosin  I  can  interact  directly with  the phospholipid 
bilayer  through  interactions  with  anionic  phospholipids. 
Adams and Pollard (1989a) demonstrated that myosin I binds 
with high affinity to NaOH-stripped plasma membrane vesi- 
cles from Acanthamoeba; similar findings were obtained by 
Miyata et at.  (1989) using  KI-stripped membranes.  Com- 
parable high affinity binding of Acanthamoeba myosin I was 
observed using  artificial  liposomes  composed of anionic 
phospholipids;  no binding to neutral phospholipids  was ob- 
served (Adams and Pollard,  1989a). 
In the present study we have assessed whether or not the 
interaction of myosins I with phospholipids  may be a general 
property of these membrane-associated motors. We demon- 
strate that purified BB myosin I binds specifically to anionic 
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heavy chain, and that the enzymatic and actin-binding prop- 
erties of vesicle-bound  BB myosin I are retained. 
Materials and Methods 
Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidyl- 
glycerol (PG), phosphatidylserine (PS), phosphatidylinositol (PI), PI 4,5- 
bisphosphate  (PIP2), wchymotrypsin,  histones,  and cytochrome  c were 
purchased  from Sigma Chemical Co.  (St. Louis,  MO).  [3HI-labeled tri- 
olein (26.8 Ci/mmol) was obtained from New England Nuclear (Boston, 
MA). Sephacryt S-400, Fast Flow Q-Sepharose, and Fast Flow S-Sephamse 
were from Pharmacia AB (Uppsala, Sweden). Immobilized soybean trypsin 
inhibitor was purchased from Pierce Chemical Co. (Rockford, IL). Centri- 
con-30 microconcentrators were from Amicon Corp. (Lexington, MA). All 
other reagents  were analytical grade and purchased from Sigma Chemical Co. 
Purification of  Proteins 
BBs were isolated from chicken intestines by themethod of Mooseker and 
Howe (1982) with the modifications described by Keller and  Mooseker 
(1982). BB myosin I was purified from ATP extracts of BBs by a modifica- 
tion of the procedure described by Coluccio and Bretscher (1987). Briefly, 
ATP extracts were chromatographed on a Sephacryl S-400 column and frac- 
tions containing BB myosin I were pooled and applied to a column of soy- 
bean  trypsin  inhibitor-agarose  to remove residual  proteases.  The flow- 
through was loaded onto a Fast Flow Q-Sepharose column from which BB 
myosin I was eluted with a 0.25-1 M NaCI gradient using the buffer system 
of Coluccio and Bretscher (1987). BB myosin I-containing fractions were 
then pooled and chromatographed on a Fast Flow S-Sepharose column; BB 
myosin I was eluted from this column with a 0.7 M NaC1 step gradient and 
fractions containing BB myosin I were pooled and concentrated to ~,1 mg/mi 
using Centricon-30 micro-concentrators. The concentrated protein was dia- 
lyzed against 10 mM imidazole (pH 7.2), 75 mM KC1, 2 mM MgCI2, 0.1 
mM EGTA, 0.2 mM DTT and stored on ice. Buffer solutions used through- 
out the purification contained aprotinin (10-20 trypsin inhibitor U/liter) and 
PMSF (0.2 raM). In addition to these protease inhibitors, the initial homo- 
genization buffer contained diisopropylfluorophosphate (0.03%). The BB 
myosin I obtained using this procedure was >95 % homogeneous as deter° 
mined by densitometric analysis of SDS gels. CM light chain content of the 
BB  myosin I complex was determined  as described  by Conzelman  and 
Mooseker (1987). 
Skeletal muscle actin was isolated from the acetone powder of chicken 
breast  muscle  as described  by Pardee and Spudich (1982) with  further 
purification by gel filtration on Sephadex G-150. CM was purified from bo- 
vine brain  according to the procedure  of Burgess et al.  (1980) and was 
generously  provided by  Dr.  A.  Harris,  Department  of Pathology, Yale 
University. 
Preparation of Phospholipid Vesicles 
Phospholipids, supplied either as solutions in chloroform (10-20 mg/ml) or 
dissolved in chloroform/methanol  (95:5) at concentrations of 10 mg/ml, 
were dried to a thin film in a test tube under a stream of nitrogen and then 
placed under vacuum for at least 60 rain to remove residual solvent. For 
some experiments, trace amounts of [3H]triolein were added to the phos- 
pholipid solutions before drying. The lipid films were"  then hydrated with 
10 mM imidazole (pH 7.0), vortexed, and sonicated with a probe-type soni- 
cator until clear. The liposome solution was centrifuged at  15,000 g for 
5 min to remove undispersed phospholipid and the vesicles sedimented by 
centrifugation at 95,000 g for 20 rain at 25°C in an airfuge (Beckman Instru- 
ments, Inc., Palo Alto, CA). The liposome pellet was briefly rinsed with 
10 mM imidazole (pH 7.0) and resuspended in the same buffer. Phospbolipid 
concentrations were determined by measuring the total phosphate content 
according to the method of  Ames (1966). For mixed phospholipid vesicles, 
solutions of PC plus PE, PI, or PIP2 in chloroformor chloroform/metha- 
nol (95:5) were mixed at a ratio of 1:1 (wt/wt), dried under nitrogen, and 
treated as above. 
BB Myosin I-Liposome Cosedimentation 
The binding of BB myosin I to phospholipid vesicles was determined by in- 
cubating liposomes (1 raM) with BB myosin I (0.2 mg/ml) at 4°C for 15 
min, followed by centrifugation at 95,000 g for 20 rain at 25°C to separate 
bound from unbound protein.  Binding was measured under conditions of 
10 mM imidazole (pH 7.5), 75 mM KC1, 2.5 mM MgC12, 1 mM EGTA, 
and 0.4 mM DTT (buffer A). Liposome pellets were resuspended in a vol- 
ume identical to the assay volume and analyzed with supernatants on SDS- 
PAGE. For binding curves, PS or PG vesicles (200 #M) were incubated 
with varying amounts of BB myosin I (0.2-1.4 #M), and binding was mea- 
sured after centrifugation by densitometry of  Coomassie Blue-stained SDS 
gels. A correction was made for the amount of BB myosin I which pelleted 
in the absence of liposomes (<10%). Data for Scatchard plots were fit with 
linear regression to obtain estimates for the dissociation constant (Kd) and 
the maximum binding capacity. The standard error for slope calculations 
was determined using the "RECEPT ~ program described by Benfenati and 
Guardabasso 0984). 
The effect of ATP on the phospholipid interaction was determined by 
measuring the binding of BB myosin I to PG vesicles in the presence of 
2 mM ATP. Binding reversibility  was measured by adding increasing  amounts 
(up to 1 M) of NaC1 to solutions of BB myosin I and PG vesicles that had 
been preincubated for 10 min at 4°C. The effect of histones on BB myosin I 
binding of laG vesicles was determined by adding BB myosin I (0.6/~M) to 
mixtures of  PG vesicles (0.1 raM) and histories (50-200/~M)  that had been 
preincubated for 10 min at 4°C. Vesicle binding was assayed as described 
above. 
The binding of membrane-associated BB myosin I to actin was analyzed 
by low-speed sedimentation. F-aetin, in buffer A containing either 2 mM 
ATP or an equal volume of buffer, was added to mixtures of BB myosin I 
and PG vesicles that had been previously centrifuged at 12,000 g to remove 
any preexisting aggregates. After an incubation of 15 min on ice, an aliquot 
was removed from each sample for analysis by dark field microscopy, and 
the solutions were centrifuged at  12,000 g for  10 rain. The pellets were 
resuspended in an equal volume of buffer A after carefully removing the 
supernatants;  pellet  and  supernatant  fractions  were  then  examined  by 
SDS-PAGE. 
.-Chymotryptic Digestion of  BB Myosin I 
Proteolytic digestion of BB myosin I was performed with ¢x-chymotrypsin 
(6 ~tg/mi) in buffer A at 4°C for 30 rain in the presence or absence of PG 
vesicles. The reaction was quenched by the addition of  both PMSF and ben- 
zamidine to 0.5 raM. The mixtures were then centrifuged at 95,000 g for 
20 rain in an airfuge at 25°C, and the supernatants and pellets were exam- 
ined by SDS-PAGE. Immunoblot analysis was performed as described be- 
low using mAbs cross-reactive with either the NH2-terminal domain (mAb 
CX-1; Carboni et al.,  1988) or the COOH-terminal domain (mAb CX-7; 
Garcia et al., 1989) of the BB myosin I heavy chain. The rationale for as- 
signing the epitope of mAb CX-7 to the COOH-terminus was based on the 
observation that the antibody reacts with the intact molecule but not the 90- 
kD chymotryptic fragment described by Coluccio and Bretscher (1988). 
The 90-kD fragment, like the intact heavy chain (Garcia et al., 1989), has 
a blocked amino terminus (M. Mooseker, unpublished observation; based 
on the inability to micro-sequence the fragment). 
Assay  for Enzymatii: Activity 
The Mg-ATPase activity of BB myosin I bound to PG liposomes and of the 
free protein was assayed in the presence and absence of 1 mg/ml F-actin 
by the method of Tanssky and Shorr (1953). Assay conditions were 10 mM 
imidazole (pH 7.5), 4 mM KC1, 5 mM MgC12, 2 mM ATP, 1 mM EGTA, 
and 0.4 mM DTT. The final concentrations of BB myosin I and liposomes 
were 0.1 mg/mi and  1 raM,  respectively. In each assay, a correction was 
made for the hydrolysis of ATP attributable to actin. Under the conditions 
of the experiment,  no ATPase activity was observed in samples that con- 
tained liposomes alone. 
Other Methods 
SDS-PAGE (Laemmli,  1970) was performed using 5-16% linear gradient 
minigels (Matsudaira and Burgess,  1978). Immunoblot analysis was per- 
formed as described by Shibayama et al.  (1987) after transfer of protein 
bands from gels to Immobilon transfer membranes (Millipore Continental 
Water Systems, Bedford, MA). Immunoreactive bands were visualized by 
secondary staining with alkaline phosphatase-conjugated  anti-mouse IgG 
(Promega Biotec, Madison, WI), using the methods reconnnended by the 
supplier. The binding of BB myosin I to phospbolipid vesicles and the re- 
lease of CM from BB myosin I upon binding of actin or phospholipid vesi- 
cles was measured by densitometric  analysis of Coomassie Blue-stained 
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analysis of BB myosin I and 
phospholipid  vesicles. BB myo- 
sin I (0.2 mg/ml) was added to 
either buffer A alone (MI) or 
to buffer A containing 1 mM 
of  the phospholipids  indicated 
(PC, PG, PS, PE, PI, P1P2). 
After centrifugation,  pellet (P) 
and supernatant (S) fractions 
were analyzed  by SDS-PAGE. 
Positions  for  BB  myosin  I 
heavy chain (MI; 110 kD) and 
CM (17 kD) are indicated. BB 
myosin  I cosediments  only with 
liposomes that contain anionic 
phospholipids. 
gels with a densitometer (model 1650;  Bio-Rad Laboratories, Richmond, 
CA). Generated curves were integrated with a GS-360 Data System pro- 
gram (Hoefer Scientific Instruments, San Francisco, CA) to determine reln- 
tive areas. 
Results 
BB Myosin I Associates with Liposomes Containing 
Anionic Phospholipids 
The binding of BB myosin I to phospholipids was assessed 
by cosedimentation analysis. BB myosin I bound pure phos- 
pholipid vesicles containing the anionic phospholipids PG 
and PS, but it showed no apparent interaction with vesicles 
containing only the neutral phospholipid PC. When binding 
to mixed liposomes containing PC plus either PE,  PI,  or 
PIP2 was examined, similar results were obtained, in that 
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Figure 2. Effect  of NaC1 on the binding of BB myosin I to phos- 
phatidylglyCerol  vesicles. Increasing amounts of NaC1 were added 
to PG vesicles (1 mM) that had been preincubated with BB myosin I 
(1.1 I~M) for 10 min at 4"C in buffer A. Binding measured in the 
absence of  NaCl (1.1 pmol BB myosin  I/nmol phospholipid)  was ad- 
justed to 100%, and other values were normalized accordingly. 
binding was observed only with vesicles containing the an- 
ionic phospholipids PI or PIP2 (Fig.  1). The binding of BB 
myosin I to PS or PG liposomes was not affected by ATP at 
concentrations of 2 raM, but it could be reversed by high 
concentrations of salt. The addition of 1 M NaC1 to solutions 
of PG and BB myosin I caused the release of ,x,90 % of the 
membrane-bound BB myosin I (Fig. 2). 
To determine the apparent affinity of the interaction of BB 
myosin I with phospholipid vesicles, binding was measured 
by densitometric analysis of SDS gels and analyzed by the 
method of Scatchard  (1949).  Binding of PS  vesicles was 
saturable, with a binding capacity of 5.5 pmol protein/nmol 
phospholipid and an apparent dissociation constant (Kd) of 
300 nM (Fig. 3). Taking into account the standard error of 
the slope in Fig. 3 b, a Kd range of 260-390  nM was ob- 
tained. Similar binding characteristics were observed for the 
interaction of BB myosin I with PG vesicles, where values 
of 4.1 pmol protein/nmol phospholipid and 100 nM (range 
of 80-130 nM) were calculated for the maximum binding ca- 
pacity and the Kd, respectively (data not shown). Although 
a binding capacity of 4-5 pmol/nmol phospholipid is within 
the range reported for other proteirdliposome interactions 
(Fukushima et al., 1981; Lau et al., 1983; Kaiser and Kezdy, 
1984; Cohen et al., 1988; Benfenati et al., 1989),  this value 
is likely to be an underestimate; the preparation of  liposomes 
employed for these studies most probably yields a mixture 
of  large  unilamellar  and  multilamellar  vesicles  (Szoka, 
1980) so that the phospholipid available for binding is less 
than the calculated total phospholipid concentration. 
Given the basic nature of BB myosin I heavy chain (pI 
'~,10), it was of interest to compare its interaction with an- 
ionic phospholipid vesicles to that of other basic proteins. 
Under the conditions used for measuring the binding of BB 
myosin I, no measurable binding of  cytochrome c to PG vesi- 
cles was observed (data not shown), a finding consistent with 
a  previous report  (Mimms et al.,  1981). We did observe 
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Figure 3. Binding of BB myosin I to phosphatidylserine  vesicles. 
(a) BB myosin I was incubated with 10 nmol PS vesicles and bind- 
ing was measured as described in Materials and Methods. (b) Bind- 
ing data plotted  according  to Scatchard where protein  bound is 
expressed as pmol BB myosin I heavy chain bound/nmol phospho- 
lipid. A value of 300 nM was measured for the apparent dissocia- 
tion constant  (Kd) of the BB myosin I-phospholipid  interaction, 
with a maximum binding capacity of 5.5 pmol protein/nmol  PS. 
binding between PG vesicles and a preparation of arginine- 
rich hi+stones. Attempts to measure the binding affinity of this 
interaction were unsuccessful,  however,  since the histone/ 
liposome complex precipitated at histone concentrations be- 
low 50 #M. For these reasons, competition experiments were 
employed using histones at concentrations (50-200/zM) where 
precipitation did not occur.  In these studies,  no significant 
inhibition of BB myosin I binding to PG vesicles occurred 
at molar ratios in excess of 300:1 (histone/BB myosin I; data 
not shown). 
Carboxy-terminal Proteolytic Fragments of the BB 
Myosin I Heavy Chain Bind Phospholipid Vesicles 
To determine the domain of BB myosin I  that is :involved 
in  membrane  binding,  peptides  generated  by  controlled 
ot-chymotryptic proteolysis  were  analyzed for  membrane 
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<  ~=200 
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Figure 5.  MgATPase activity 
of  BB myosiff  I bound to phos- 
phatidylglycerol  vesicles.  BB 
myosin I (0.1 mg/ml),  in buf- 
fer A containing 4 mM KCI, 
2 mM  ATP,  5  mM  MgCI2, 
and  1 mM EGTA, was incu- 
bated  with F-actin (1  mg/ml) 
or an equivalent volume of  buffer in the absence (-PG) or presence 
(+PG) of PG vesicles. ATPase activity was measured after 20 min 
at 35°C. Standard deviations are indicated by bars (n  =  3). 
binding and identified as either amino- or carboxy-terminal 
fragments. Immunoblot analysis, using an mAb specific for 
the amino terminal domain of the BB myosin I heavy chain 
(mAb CX-1),  showed that the  NH2-terminal digestion pat- 
tern was similar for both the free and membrane-bound pro- 
tein (Fig. 4  b). All of the NH2-terminal peptides identified 
separated into the supernatant fraction following sedimenta- 
tion of liposomes. Analysis with the COOH-terminal spe- 
cific antibody, mAb CX-7, showed that the COOH-terminal 
digestion pattern for the  free protein differed significantly 
from that for membrane-bound BB myosin I. In the absence 
of vesicles, digestion of peptides containing the carboxy-ter- 
minal mAb CX-7 epitope was nearly complete. In the pres- 
ence of PG liposomes, membrane binding afforded partial 
protection to a series of COOH-terminal peptides of 30--45 
kD, all of which remained associated with membrane vesi- 
cles following sedimentation (Fig. 4  c).  In agreement with 
these findings, the NH2-terminal 90-kD chymotryptic frag- 
ment (Coluccio and Bretscher,  1988),  which retains bound 
CM but lacks the mAb CX-7 epitope, did not bind liposomes 
(data not  shown).  These results  suggest that the  carboxy- 
terminal domain of the BB myosin I heavy chain contains the 
site responsible for membrane binding. 
Figure 4.  Binding of proteo- 
lyric fragments of BB myosin I 
to PG vesicles.  BB myosin I 
(0.1 mg/ml) was digested with 
c~-chymotrypsin  for 30 rain in 
the absence (-PG) or presence 
(+PG) of  PG  vesicles.  (a) 
SDS-PAGE analysis of pellet 
(p) and  supernatant  (s) frac- 
tions  obtained  from  cosedi- 
mentation with liposomes. (b) 
Immunoblot analysis of a gel 
identical  to that  shown in a 
treated with a mouse mAb spe- 
cific for the NH:-terminai  re- 
gion of the BB myosin I heavy 
chain.  (c) Immunoblot analy- 
sis  of a  gel identical  to that 
shown  in  a  treated  with  a 
mouse  mAb specific  for the 
COOH-terminal  region of the 
BB myosin I heavy chain. Car- 
boxy-terminal  fragments of 30- 
45 kD are protected  from di- 
gestion when BB myosin I is 
bound  to  liposomes.  All  of 
these  fragments  cosediment 
with phospholipid vesicles. 
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tation of  actin with BB myosin  I bound 
to PG vesicles. BB myosin I (0.1 mg/ 
ml) was mixed with 1 mM PG vesi- 
cles (V + A) or an equivalent volume 
of buffer (MI + A) in the presence 
(+) or absence (-) of  ATP, and F-ac- 
tin was added to 0.2 mg/ml.  After 
low-speed centrifugation, equivalent 
amounts of pellet (P) and superna- 
tant (S) fractions were analyzed by 
SDS-PAGE. Centrifugation  speeds 
were such that actin alone  (A) and 
PG vesicles alone remained in the su- 
pernatant.  Under  these  conditions, 
myosin I remains soluble (MI). 
Membrane-bound BB Myosin I Demonstrates 
Actin-activated MgATPase Activity 
The finding of a  specific interaction between BB myosin I 
and phospholipid vesicles prompted a study of the effect of 
membrane binding on the functional activity of the protein. 
As a first step, we measured the MgATPase activity of free 
and membrane-bound BB myosin I. Cosedimentation studies 
showed that neither ATP nor F-actin affected the binding of 
BB myosin I to phospholipid vesicles (data not shown). Un- 
der low ionic strength conditions (4 mM KC1, 5 mM MgCI2) 
the MgATPase activity of free BB myosin I was found to be 
activated 13-fold by F-actin (Fig. 5). Actin activation of mem- 
brane-bound BB myosin I was also observed but was depen- 
dent on the order of addition of BB myosin I, F-actin, and 
vesicles. When PG vesicles were incubated with BB myo- 
sin I before the addition of F-actin, an activation of sevenfold 
occurred. Levels of actin activation that were similar to those 
of the free protein (10-fold) were recorded when BB myosin I 
was first preincubated with F-actin before the addition of PG 
vesicles (Fig.  5).  The reasons for this discrepancy are not 
clear. 
Membrane-associated BB Myosin I Binds and 
Cross-links F-actin in an ATP-sensitive Manner 
In addition to its enzymatic properties, BB myosin I also re- 
tained its ability to interact with F-actin in an ATP-dependent 
fashion. Cosedimentation analysis of mixtures of BB myo- 
sin I and PG vesicles plus F-actin revealed that the vesicles 
pelleted with F-actin in the absence, but not the presence, of 
ATP. Vesicle-bound BB myosin I caused the cross-linking of 
actin  filaments  into  aggregates  detectable  by  either  low- 
speed sedimentation (Fig. 6) or dark field light microscopy 
(Fig. 7). The latter technique also verified that the BB myo- 
sin I most likely remains associated with the vesicles in the 
presence of F-actin since all the liposomes present in these 
mixtures were incorporated and uniformly  distributed within 
the  actin  aggregates  even after repeated pipetting  to  free 
nonspecificaUy trapped vesicles. Similarly, in cosedimenta- 
tion studies of mixtures of BB myosin I and PG vesicles la- 
beled  with  [3H]triolein,  >99%  of the  total  radioactivity 
was recovered in pellets of  cross-linked actin aggregates after 
low-speed centrifugation (data not shown). 
It is evident from Fig. 6 that actin binding by the free pro- 
tein in the absence of ATP resulted in an apparent partial re- 
lease of CM light chains. Apparent CM dissociation was also 
a consequence of vesicle association (Fig. 1). The two effects 
did not appear to be additive, however, because the extent of 
CM release was identical in mixtures of BB myosin I plus 
either actin or phospholipid vesicles or both (Fig. 6; com- 
pare lanes 6 and 10). In all cases, CM dissociation amounted 
to ,050%  as determined by densitometric analysis of gels 
similar to those in Figs.  1 and 6. In a  subsequent study, it 
was found that exogenous CM added in excess had no effect 
on !iposome binding by BB myosin I  (data not shown).  It 
should be noted that the observed dissociation of CM from 
the BB myosin I complex in the presence of actin or vesicles 
could also represent the presence of free CM in the BB myo- 
sin I preparation before the addition of actin or vesicles. 
Discussion 
The results presented here demonstrate a saturable binding 
of BB  myosin  I  to  anionic  phospholipid  vesicles.  These 
findings are consistent with the recent studies of Adams and 
Pollard (1989a), who found that Acanthamoeba myosin I as- 
sociated specifically with liposomes composed of  the anionic 
Hayden et al. Brush Border Myosin l-Phospholipid Interaction  447 Figure 7. ATP-dependent  cross-linking of  actin filaments  by membrane-bound BB myosin I. (a) Dark field microscopy of  PG vesicles (1 mM) 
alone. (b) PG vesicles plus 0.2 mg/ml BB myosin I. (c) PG vesicles plus both BB myosin I and 0.3 mg/ml F-actin in the presence of 2 
mM ATE (e) PG vesicle plus both BB myosin I and F-aetin in the absence of ATE (d) BB myosin I plus F-actin in the absence of ATE 
Addition of free or vesicle-bound BB myosin I to solutions of F-actin in the absence of ATP induces the formation of cross-linked actin 
aggregates (d and e). Bar,  10/~m. 
phospholipids  PS  or PIP2.  Moreover, the apparent Kd of 
100-300 nM that we measured for binding is comparable to 
a  Kd value of 140  nM  determined by Adams  and Pollard 
(1989a) for the binding of Acanthamoeba myosin I to NaOH- 
extracted Acantharaoeba organelles, and to a Kd of 30-50 
nM measured by Miyata et al. (1989) for the binding of Acan- 
thamoeba myosins I to KI-stripped plasma membranes. 
As observed for the free protein, membrane-associated BB 
myosin I cross-linked actin filaments in the absence of ATE 
It is important to note, however, that the presumed mecha- 
nism of filament cross-linking by vesicle-bound BB myosin I 
is probably distinct from that for cross-linking by the free 
protein (Fig. 7; see also Conzelman and Mooseker,  1987). 
The BB myosin I vesicles are multivalent complexes which 
could mediate filament cross-linking by the actin site on the 
myosin heads. The mechanism of filament cross-linking by 
free BB myosin I has not yet been determined, but recent 
studies in our laboratory suggest that the most likely expla- 
nation is an actin-induced tail to tail association of the mole- 
cule (J.  Wolenski,  S.  Hayden, and M.  Mooseker; unpub- 
lished observations), rather than the presence of a  second 
actin binding site on BB myosin I. 
Several lines of  evidence indicate that the interaction of BB 
myosin I with vesicles is mediated by site(s) distal to the CM 
binding domains located in the COOH-terminal "tail" of the 
heavy chain (Fig.  8). The positioning of CM binding sites 
within a 10-15 kD domain adjacent to the head-tail junction 
was first proposed based on proteolytic domain mapping of 
chymotryptic and tryptic fragments (Coluccio and Bretscher, 
1988;  Carboni et al.,  1988).  We show here that peptides 
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the proteolytic domain structure of BB myosin I (see text for refer- 
ences and discussion).  The subfragment-1 (S  j) domain comprises 
the "head," while the "tail" domain contains  subdomains for CM 
and phospholipid binding. As noted, different values (three to four) 
for the number of associated CM light chains have been reported 
(Coluceio and Bretscher,  1988; Conzelman and Mooseker,  1987); 
densitometric  analysis of SDS gels of the preparations used in this 
study indicated ,~4 mol CM/mol heavy chain.  (b) Primary struc- 
tural  domains  of BB  myosin  I  heavy  chain.  The  solid  region 
represents  the  St  domain.  The cross-hatched  areas  indicate  the 
two putative CM-binding domains first reported for the bovine pro- 
tein (Hoshimaru et al., 1989). The bar below indicates the position 
of a putative CM-binding sequence based on comparison with the 
sequence of the CM-binding domain of the erythroid plasma mem- 
brane Ca  2+ ATPase (Vorherr et al.,  1990; see Fig. 8 c). The stip- 
pled  area  shows the putative membrane-binding  domain  (Jung 
et al.,  1989; Hoshimaru et al.,  1989), which shares sequence ho- 
mology with  domains  in  the  COOH-terminal  "tails"  of Acan- 
thamoeba myosins I. Numbers depict amino acids as determined 
from a partial eDNA clone (Garcia et ai., 1989) that most probably 
lacks ~40 NH2-terminal amino acids, based on comparison  with 
bovine myosin I heavy chain (Hoshimaru and Nakaniski, 1987). (c) 
Sequence  alignment of the CM-binding  domain  of the erythroid 
within the COOH-terminal domain of BB myosin I are pro- 
tected from proteolysis,  and that the 90-kD chymotryptic 
fragment, which retains bound CM (Coluccio and Bretscher, 
1989), fails to bind. Since this 90-kD fragment contains an 
intact NH~-terminus, these results indicate that the site for 
phospholipid binding most likely lies in the COOH-terminal 
tail, distal to the CM binding domain as depicted in Fig. 8 a. 
Consistent with the conclusions noted above are the results 
of recently published primary sequence comparisons of the 
bovine BB myosin I heavy chain with Acanthamoeba myo- 
sins IB and IC (Jung et al.,  1989;  Hoshimaru et al.,  1989) 
and  with  protein  kinases  that  are  known  to  bind  CM 
(Hoshimaru et al.,  1989).  With respect to CM binding do- 
mains, Hoshimaru et al. (1989) have identified two domains 
near the  head-tail junction  of bovine BB myosin I  which 
share some structural characteristics with the CM binding 
domains of several protein kinases. These putative CM bind- 
ing domains are also present in the chicken protein (Fig.  8 
b). In addition,  we have identified a third domain (residues 
677-706 in chicken BB myosin I, 719-748 in bovine BB myo- 
sin I) which  shares  substantial primary structure with the 
CM  binding  domain  of erythroid  Ca  2+  ATPase  (residues 
1,100-1,120,  Vorherr et al., 1990; see Fig. 8 c). The domain 
exhibits &,60 % homology (30-43 % identity) with the eryth- 
rocyte protein and is positioned NH2-terminal to, and par- 
tiaUy  overlaps,  one  of  the  potential  domains  noted  by 
Hoshimaru et al. (1989;  see Fig. 8, b and c). Positioning of 
the phospholipid binding domain distal to the CM binding 
region is supported by sequence comparisons of bovine BB 
myosin I with Acanthamoeba myosins IB and IC (Jung et al., 
1989  and  Hoshimaru  et  al.,  1989).  These  workers  have 
noted that bovine BB myosin I  residues  850-1,031  shares 
limited  sequence  homology  with  domains  present  in  the 
COOH-terminal "tails" ofAcanthamoeba myosins IB and IC. 
In the ameboid myosins I, this region may contain the site 
for  the  binding  of phospholipids  (see  Jung  et  al.,  1989; 
Hoshimaru et al.,  1989 for discussion). In chicken BB myo- 
sin I, the region of shared homology is positioned at residues 
808-989 and exhibits sequence similarity comparable to that 
determined for the bovine protein ("~50% homology, '~20% 
identity). These structural comparisons are consistent with 
the  positioning  of the  phospholipid  binding  site  near  the 
COOH-terminus of BB myosin I (in contrast to its localiza- 
Ca  ++ ATPase and residues 677-706 in chicken and 719-748 in bo- 
vine BB myosin I heavy chain. Areas of exact matches and conser- 
vative changes are boxed. The arrow indicates the termination  of 
the myosin head domain.  (d) Illustration  comparing the COOH- 
terminal  domains  of Acanthamoeba myosins I with BB myosin I 
(adapted from Fig. 5 in Jung et al., 1989). Amino-terminal S~ do- 
mains are not depicted in their entirety. The number of amino acid 
residues is shown above the diagram. The stippled region shows the 
conserved ,~185 aa sequence in Acanthamoeba myosins IB (MIB) 
and IC (MIC)  and its position  in avian and bovine BB myosin I 
heavy chain (BBMI). The solid area represents a conserved domain 
in ameboid myosins I not found in BB myosins I. This domain con- 
tains the SH3 sequence (see text), the second actin-binding site, and 
regions that are rich in glycine, proline,  and alanine. The shaded 
region contains the putative CM binding domains unique to BB my- 
osins I and demonstrates  no homology with the COOH-terminal 
domain of Acanthamoeba myosins I. 
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8 d) and suggest a conserved basis for the interaction of myo- 
sins I with phospholipids.  However, one of our colleagues 
(S.  Doberstein, Department of Cell Biology and Anatomy, 
Johns Hopkins University  School of Medicine; personal com- 
munication) has convinced us that the basis for the observed 
sequence homologies is in large part due to the high percent- 
age of basic residues in these domains (14% for chicken and 
bovine BB myosin I; 19 and 20% for Acanthamoeba IB and 
IC,  respectively).  Four consecutive randomizations of this 
domain sequence in the chicken protein produced nearly iden- 
tical  levels ('~20%)  of sequence  identity  when compared 
with the ameboid proteins (S. Doberstein, personal commu- 
nication).  Clearly,  it will be  important to  examine  (e.g., 
through peptide inhibition studies) this domain and compare 
the relative contributions of primary structure versus overall 
composition to the interaction of BB myosin I with phospho- 
lipids. 
In a final point concerning the structural basis for the BB 
myosin I-phospholipid  interaction,  it should be noted that 
the sequence described above does not contain a 50 aa se- 
quence, called the SH3 domain, identified in a diverse popu- 
lation of membrane-associated cytoplasmic proteins and in 
the COOH-terminal domain ofAcanthamoeba IC (see Roda- 
way et al., 1989 for discussion). Jung et al. (1989) identified 
a  53  aa  sequence,  analogous  to SH3,  within the  COOH- 
terminal domains of both Acanthamoeba myosins IB and IC 
but found no indication of a similar sequence in bovine BB 
myosin I. This domain is also absent in the avian BB myo- 
sin I heavy chain. 
Although the results described here demonstrate a specific 
association of BB  myosin I  with phospholipid vesicles,  it 
should be noted that they do not necessarily preclude an in- 
teraction  of BB myosin I with other microvillar membrane- 
associated proteins. Coudrier et al. (1983) reported evidence 
for a proteolytic fragment (GP-140) ofa 200-kD porcine gly- 
coprotein from BB membrane that binds BB myosin I trans- 
ferred to nitrocellulose. Interestingly,  a preparation of deter- 
gent-resistant  membrane  sheets  enriched  in BB  myosin  I 
contains a glycoprotein(s) of"o140 kD (Mooseker et al., 1989) 
which may represent the avian analog of GP-140. It is left for 
additional studies to determine whether the membrane as- 
sociation of BB myosin I is facilitated by other peripheral or 
integral membrane proteins and whether or not other mecha- 
nisms are involved (e.g.,  fatty acylation). 
The authors thankJ.he  following members of our laboratory for their advice 
and helpful discussions  during the course of this work: Elizabeth Carew, 
Richard Cheney,  Matthew  Heintzelman,  Michelle  Peterson,  and Bruce 
Stevenson.  We also acknowledge Steve Doberstein for bringing to our at- 
tention the effects of randomization on the consensus  sequence,  and thank 
him for his helpful comments and suggestions.  A special thanks to Deborah 
Braun, Deborah Sliker, and Kerry Ervin for their excellent technical sup- 
port and their eagerness  to participate in the isolation of brush borders. 
This work was supported by National Institutes of Health (NIH) grant 
DK 25387  and NIH program project grant TO-1-DK38979. 
Received for publication 4 January 1990 and in revised form 18 April 1990. 
References 
Adams, R. J., and T. D. Pollard.  1989a.  Binding of myosin I to membrane 
lipids. Nature (Lond.).  340:565-588. 
Adams, R. J., and T. D. Pollard. 1989b. Membrane-bound myosin-I provides 
new mechanisms in cell  motility. Cell Motil.  Cytoskeleton.  14:178-182. 
Ames, B. N. 1966. Assay of inorganic phosphate, total phosphate and phospha- 
rases. Methods Enzymol. 8:115-118. 
Benfenati, F., and V. Guardabasso. 1984.  Basic concepts to analyze binding 
data using personal computers: the "RECEFr' program. In Principles and 
Methods in Receptor Binding. F. Cattabeni and S. Nicosia, editors. Plenum 
Publishing Corp., New York. 41-63. 
Benfenati, F., P. Greengard, J. Brnnner, and M. Bahler.  1989.  Electrostatic 
and hydrophobic interactions of synapsin I and synapsin I fragments with 
phospholipid bilayers. J.  Cell Biol.  108:1851-1862. 
Burgess, W. H., D. K. Jerniolo,  and R. H. Kretsinger. 1980. Interaction of cal- 
cium and calmodulin in the presence of sodium dodecyl sulfate. Biochim. 
Biophys.  Acta.  623:257-270. 
Carboni, J. M., K. A. Conzelman, R. A. Adams, D. A. Kaiser, T. D. Pollard, 
and M. S. Mooseker. 1988.  Structural  and immunological characterization 
of the  myosin-like ll0-kD  subunit of the  intestinal microviUar  ll0K- 
calmodulin complex: evidence for discrete myosin head and calmodulin- 
binding domains. J.  Cell Biol.  107:1749-1757. 
Cohen, A. M., S. C. Liu, J. Lawler, L. Derick, and J. Palek. 1988. Identifica- 
tion of  the protein 4.1 binding site to pbosphatidylserine  vesicles. Biochemis- 
try.  27:614-619. 
Collins, J.  H., and C. W. Borysenko. 1984.  The ll0,000-Dalton actin- and 
caimodulin-binding  protein from intestinal brush border is a myosin-like  AT- 
Pose.  J. BioL  Chem.  259:14128-14135. 
Coluccio, L. M., and A. Bretscher. 1987. Calcium-regulated cooperative bind- 
ing of the microvillar 110K-calmodulin complex to F-actin:  formation of 
decorated filaments. J.  Cell Biol.  105:325-333. 
Coluccio, L. M., and A. Bretscher. 1988.  Mapping of the microvillar 110K- 
caimodulin  complex: calmodulin-associated  or -free fragments  of  the 110-kD 
polypeptide bind F-actin and retain ATPase activity. J. Cell BioL  106:367- 
373. 
Coluccio, L. M., and A. Bretscher. 1989.  Reassociation of microvillar core 
proteins: making a microvillar core in vitro. J.  Cell Biol.  108:495-502. 
Conzelman, K. A., and M. S. Mooseker. 1987. The 110-kD protein-eairnodulin 
complex of the intestinal microvillus is an actin-activated  Mg~+-ATPase. J. 
Cell Biol.  105:313-324. 
Coudrier, E., H. Reggio, and D. Louvard. 1983. Characterization of an integral 
membrane glycoprotein associated with  microfilaments of pig  intestinal 
microvilli. EMBO (Fur. Mol.  Biol.  Organ.) J.  2:469--474. 
De Lozanne, A., and J. A. Spudich. 1987. Disruption of the Dictyostelium  my- 
osin heavy chain by homologous recombination. Science (Wash. DC). 236: 
1086-1091. 
Fukushima, D., S. Yokoyama, F. L Kezdy, and E. T. Kaiser. 1981.  Binding 
of amphiphilic peptides to phospholipid/cholesterol unilamellar vesicles: a 
model for protein-cholesterol interaction. Proc. Natl. Acad.  Sci.  USA. 78: 
2732-2736. 
Garcia, A., E. Coudrier, J. Carboni, J. Anderson, J. Vandekerhove, M.  S. 
Mooseker, D. Louvard, and M. Arpin. 1989.  Partial deduced sequence of 
the 110-kD-calmodulin complex of the avian intestinal microviUus shows 
that this mechanoenzyme  is a member of the myosin I family. J.  Cell Biol. 
109:2895-2903. 
Hoshirnaru, M., and S. Nakanishi. 1987. Identification  of a new type of mam- 
malian myosin heavy chain by molecular cloning: overlap of its mRNA with 
preprotachykinin B mRNA. J.  Biol.  Chem.  262:14625-14632. 
Hoshimaru, M., Y. Fujio, K. Sobue, T. Sugimoto, and S. Nakanlshi. 1989. 
Immunochemicai  evidence that myosin  I heavy chain-like protein is identical 
to the 110-kilodalton  brush-border protein. J. Biochem.  106:455-459. 
Jung, G., C. J. Schmidt, and J, A. Hammer, HI.  1989.  Myosin I heavy-chain 
genes of Acanthamoeba castellanii:  cloning of a second gen¢ and evidence 
for the existence of a third isoform. Gene. 82:269-280. 
Kaiser, E. T., and F. J. Kezdy. 1984. Amphiphilic secondary structure: design 
of peptide hormones. Science (Wash.  DC). 223:249-255. 
Keller, T. C. S. HI, and M. S. Mooseker.  1982.  Ca++-calmodulin-dependent 
pbosphorylation of myosin, and its role in brush border contraction in vitro. 
J.  Cell Biol.  95:943-959. 
Knecht, D. A., and W. F. Loomis. 1987. Antisense  RNA inactivation of myosin 
heavy chain gene expression in Dictyostelium discoideum. Science (Wash. 
DC).  236:1081-1086. 
Knecht, D. A., and W. F. Loomis. 1988. Developmental consequences of the 
lack of myosin heavy chain in Dictyostelium discoideum.  Dev. Biol.  128: 
178-184. 
Korn, E. D., and J. A. Hammer, IH. 1988. Myosins of nonmuscle  cells. Annu. 
Rev.  Biophys.  Chem.  17:23-45. 
Krizek, J., L. M. Coluccio, and A. Bretscher. 1987.  ATPase activity of the 
microvillar 110kDa polypeptide-calmodulin complex is activated in Mg  2+ 
and inhibited  in K+-EDTA by F-actin.  FEBS (Fed.  Fur.  Biochem.  Soc.) 
Len.  225:269-272. 
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage "1"4. Nature (Lond.).  227:680-685. 
Lau, S. H., J. Rivier, W. Vale, E. T. Kaiser, and F. J. Kezdy. 1983. Surface 
properties of an amphiphilic peptide hormone and of its analog: cortico- 
tropin-releasing factor and sauvagine. Proc. Natl. Acad. Sci.  USA. 80:7070- 
7074. 
Matsudaira, P., and D. Burgess. 1978.  SDS microslab linear gradient poly- 
acrylamide gel electrophoresis. Ano/.  Biochem.  87:386-396. 
Mimms, T. T., G. Zampighi, Y.  Nozaki, C. Tanford, and J. A. Reynolds. 
The Journal of Cell Biology, Volume 111,  1990  450 1981. Phospholipid vesicle formation and transmembrane  protein incorpora- 
tion using octyl glucoside. Biochemistry.  20:833-840. 
Miyata, H., B. Bowers, and E. D. Korn. 1989. Plasma membrane association 
of Acanthamoeba myosin I. J.  Cell Biol. 109:1519-1528. 
Mooseker, M. S., and C. L. Howe. 1982. The brush border of intestinal epithe- 
lium: a model system for analysis of cell-surface architecture and motility. 
Methods  Cell BioL 25:144-175. 
Mooseker, M. S., and T. R. Coleman. 1989.  The ll0-kD protein-calmodulin 
complex of the intestinal microvillus (brush border myosin I) is a mechano- 
enzyme. J.  Cell Biol. 108:2395-2400. 
Mooseker, M. S., K. A. Conzelman, T. R. Coleman, J. E. Heuser, and M. P. 
Sheetz.  1989.  Characterization of intestinal microvillar membrane disks: 
detergent-resistant  membrane sheets enriched in associated brush border my- 
osin I (110K-calmodulin). J.  Cell Biol. 109:1153-1161. 
Pardee, J. D., and J. A. Spudich. 1982. Purification  of muscle actin. Methods 
Cell Biol. 24:271-289. 
Rodaway, A. R. F., M. J. E. Sternberg, and D. L. Bentley. 1989.  Similarity 
in membrane proteins. Nature  (Lond.). 324:624. 
Scatchard, G.  1949.  The attraction of proteins for small molecules and ions. 
Ann.  NYAcad.  Sci. 51:660--672. 
Shibayama, T., J. M. Carboni, and M. S. Mooseker.  1987. Assembly of the 
intestinal brush border: appearance and redistribution of microvillar core 
proteins in developing chick enterocytes. J.  Cell Biol. 105:335-344. 
Szoka, F., Jr. 1980. Comparative properties and methods of preparation of lipid 
vesicles. Annu.  Rev. Biochem.  9:467-508. 
Tanssky, H. H., and E. Shorr. 1953. A microcolorimetric method for the deter- 
mination of inorganic phosphorous. J. Biol. Chem. 202:675-686. 
Vorherr, T., P. James, J. Krebs, A. Enyedi, D. J. McCormick, J. T. Penniston, 
and E. Carafoli. 1990. Interaction of calmodulin with the calmodulin binding 
domain of the plasma membrane Ca  ~+ pump. Biochemistry.  29:355-365. 
Wessels, D., D. R. Soil,  W. F. Knecht, A. De Lozarme, and J. A. Spudich. 
1988. Cell motility and chemotaxis in Dictyostelium  amebac lacking myosin 
heavy chain. Dev.  Biol. 128:164-177. 
Hayden et al. Brush Border Myosin l-Phospholipid  Interaction  451 